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I tae aesign or wiae-oana transistor reeaoaoK amplifiers 



£. VL Ch«nyi M.Sc. Ph.D., and O. E. Hoopof, M.E., GraduatM 



Summary 

A d^si^ fsdmi^ue is devdoped u^uch 4p]paieatly ov^mmes all ttie llmitatioTis of comunoA-emitter 
traasiscor video ansplificrs, Hhs tedi-'gcs is based oa die use pf the ixaiiedaitt Tnitrrmich which ooeurs 
betvma staecs haivixif alKcmafee sbcbbs and shant focdtacL It is shown duit cba ftalisahit ipUn-hiDdwidth 
pKodua v& m 0XCCSS of 0-9ci>f» the |ajO aod baadwidch ut inscasitive to transiscot panneteT vanarioos, 
and lajTie output voltages xnay be obcalaed. The equactons for both gaua asd bandwidth are developed 
b a form wUdi is paitkularly suited to practical deslga work, and are aocaiatc despite their camparative 
simplicity. 

In addition to the main cre^u&cot, the desiga of tenninAl stages and of molci-scase feedback loops iS 
coj3sidorcd in detail, and some aspeocs of chc theory of aois« ia feedback ampUfiexs are discussed. 

T'VO compkie design cxainples axe toaribed. Tbest are a 20 dB 25 Mc/s amplifier for 7511 lines using 
two OCX 70 transistors, and a vidioon head'ampUfier which achieves 3 x 10^^ A noise at the input in a 
S Mc/s bandwidth. 



List gf symbols 
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Cm = Crcd -^J 
rc = 4^ tf^^* + ^jitf- 



OA 



Tb£ treatment is reiacvety simply and although some know* 
ledge of the simpler aspects of modem drcuit theory ^ 
assnmnl, the paper is intended for die desien engineer rather 
ifaaa the network spccia}ist« 

2 The 3mall*'si9nal model and its parametdrs 

The design ie^<{ttt8 developed in ^ paper use the 
faybrid-ir eqnivokleat drjok of Giaoolecco^ as the bask small- 
sigoal model of the traasiscoc This modd is a good ooop 
pnuztise between acotcacy and coffipleodiy* Its paxametBis are 
readily measmed, are dinctly related to device physics^ have 
known variation laws and aze quoted by sozao niaaufactwexs. 
The hybrids eqaivalent dicttit is shown in Fi|;. 1. It has 
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Irrtroduction 

lunction tiaosistars have been available to drcuit 
engineers for ahnost a decade. During this period, ^naU^gQal 
BmpJifier drcutts have received ezoeosive treatroenc in the 
literature. None the les8» the great tnajotiiy of pabiishsd 
ccwtributions are of little assistance In everyday ampU&t 
design. Indeed, there seenu to be a. is^jor gap betwMn the 
abstract (bet very neccssuy) contiibutiotis of octwaxk 
theoietldans and Oio^ of etnpiri^ or tria^aad^error 
designers. Relatively few atietnpts ^"^ have beee made to 
devctop design teebniqucs ^ninch aze both sinq^Ie and 
This contrasts whh cment iechni<ines for valve-amplififir 
icsLgn, in which extensive use has been made of -ooct-inXfyi- 
^iog building blocks ivhose dynandcpcrfotmaace IS specif 
by & plot of singularities on the coiople;; frequency plane^* ^ 
Theaim f the paper b to discuss a technique for deaigni^ 
transistor amplifins to satisfy the followoig condidona: 

(a) Ttie interactioD betweee buOdmg blocks must be efUier 
n^igibte or aocumtdty ddbcd<^ 

{Id The dynamic paforxnasvx of isdlvkjoal blocks must be 
dccumtely defined. 

(er) Suh^fintial, acciiraif.ly dnftmd mid-b^d ^in must, be 
aditevcd. 

hgr 41U E ficsi uMiiyEd 7ih May ^d In i«vtMd ronn zitb October 

Dr. Oicivy ^ Mr Hooper ar« in tfao Depamzieat olT Elficuical 
GnsiDeenng, Uaiv«n(cy «r Mclbaurnc 
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Tkt AybriO^ saiat^^ign^ tqtiiwlntt etfeull/ar a transistor 

been shown that the section contaimsd withbo. the dotted 
rectangle r^^tesents the smaE-sigiial traosfeni perfonnanee of 
an ideal chargeH»oirolled device 'm which the output tmm 
is asraned to d^c«d only on il» inatantaneoua va3ue of ihe 
total mobile charge In the base region. This cfaaree ^COTtroll cd 
model is neither a complete nor a wholly aocuraie repiesenta^ 
don of the transistor. Hw equivalent circuit can be completed 
by adding the cxtnnac dements Cj;^ and CfC u shown, but 
the inherent inaccutadCS Of the quasi<<quilibrium (diaxge- 
controlj approach remain. However, these linntations are 
sieuificanr oniy fca sigruUs of very high fccqueBcy or with 
rapid rates of rise In particular, comparisons of the actual 
build-up of base charge with that of the char5&<omrol naodei 
suggesr^ tbac the approximation is valid for_ copaplcx fte- 
quencies ^r* — <y + Ja>) which sztisSy the mcqualhies \s\ < -hti 
for d^ion cran&istors, and |4 < 4<«^ tor highndrift-^idd 
iraiisiscors. « 
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'The iotonlatiGDs between the parammrs of the. hyb^ 
tiquivaknt dicuit are ^ven in the list of symbols. All tha 
danems tutcept those associmcci with recocibmacion Q.e. 
empi'r^,BDdhssi0^fif4,r^^m±rcB')^^ depeatdoni only on 

dhlfi with modfiiatdy dose tolenmces. Fortfacr. this depend- 
ence cm devtoc dnsensiOQS and rcs&stiy>tie$ oocoimis for a 
me^ictable variaitoo ^th opexating poiDt (colonm 1 of 
Table 1) &nd wiih temperatore (eolomn 3). Lack of control in 

THE RYfOOD^ fiQVXVAUSKX^<aRCUIT ?ARAMBmS 



souxw. In sneh dranmaoes. the ^vetxYe load reastance^' 
it^ for any tnasiscor B ^vBQr nw^ it( ow^ Buqn^ 



At iiigh frequfiodes cbd mwutadt of the load ioapedancc 
£iPs owios to tbe sbimtnis efioctotthe input capadtance of tht 
followiag iranalstor. It h possibb to «miuuigo gam for band- 





operadDC eottdbbtti ill amimJ 
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70-200 
70-300 

70-140 

9d-102 
70-140 

70-140 
70-140 


son 

^ 60) 

ZOicH 

(^A^-fiO) 
40mA/V 
<00p> 

(t| » 15 ns) 
50 pF 
iOpF 


500 
3-751cn 

>100)c-Q 

40inA/V 
40 pF 

50 pF 
IgF 



base width, misdzity-cacner Ufetlme, junction area9 »xd base 
resistivzty can |ive xise to ptoducdon tolerancfis of tbe order 
shown HI colnmn 4, and mefismtrnfiata snade on liautad zrum^ 
of traottstors of various types conftrm- that these 
coierancei m not umtaiiscic. TypM numftrkaJl values for the 
par8meter9 ^zypcs 0C44 and OCi70ar6 nfytn in colmo 5 
of the Table. That transiscois arc dosdy rvprodudbk m their 
important piTaiscters u oon&nned by the gcsml design* 
abiHly of the ehrosiis discussed in the paper. 

3 LimfiafJons of non-feedback stages 

The Umitaiion$ of oo<ib4eedback common^^tier 
sta^ are discus^ in the literature*' ^ and an acquamtance ^ 
IS ^fisumcd hzn* However, the important desi^l tecbnxques 
;md results are sununaiiztd ;bo that the a^Jvanxagei of the 
feedback approach are moi^ apparent, 
if an aoipllAer of che general ^pe ahown in ^1$. 2 is to have 



^dth by reducing It^, and in ideal ciicamstanoes the gain** 
bandwidth product, is 

IFSB^mc (2>A 

However, the input capacitance of a tnmsistgr is not directly 
acceM^bie ar a device terniiaal, being uwiated &om the ba$«- 
cermbial by foUows that die maadmnm gain<'handwidd> 
product wbich can be realized is 
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(3> 



a. &^nd>width in eicccss of it U necessary ikac the coJl<»tar 
supply resbtance* R^^ whidi precedes any iransistor should be 
mud) less iban the input ttisiscance of that transistor* The 
T/ansisiofs cnust be fed from &n approximatron to a voltage 



i- • - > 



and this pi»ctica] value falls wdl below the ideal limh When the 
baodwidshisataUtasfe. > 

Bocttoae of the tran«tio nxijtPMit»ittgsc^ aad c^c. It follows 
ttet the auodmtiiD 0edn>ban£!!idth prbSuet can be realized 
ooly at an optimum emhter euotni, Ijs^r Optimum 
cmm is attuK {for transistors such as type OC44 in typical 
apptieatioQS it is of the order of 100^); cooseqticntiy, r^^^, 
is veiylarye compared with r^Jfi^f k cqjn, 1, and the n)td*band 
£aiD becomes , ^ -b.. -^T**^ 

Thus, the mid-faand gain ts mdepeodcnt of and is therefore^ ^ 
pc«dlctabk provided th&i the biasing dbrcoits can aooorateiy^- 
stabilize Z^. Ajoi wtforttmate consequanee of the smali^*|^ 
dprimmn amfetaar cumnt is that the output volta^ avai)-^*^ 
able from the amplifier is smail* ^ * |Wh 

AS wHh vsivo dictiits. yeajdru Up^ ffi ^ may be tjsed to 
Increase tho T«alizB.hle gain-'^dWTdtt) product by to a 
fcurtor of abont two pev stage. The price paid is a moving of 
the poles off The negative r«il axis in the complex plana, wlm 
consequent ovmhoot in che transient tcsponscL./ 
• eMCSEQil^S ^ot J/0, Nc, 2, FEBMART (W 
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The coRoept^f xilA-bandwidth product bas liub incanJns 
whcri' applied to tfimunal SUae$, Lei the mput and outpui 
sia^ts.of an amp li fie r. The realizable product dqKads on the 
source ftcd load inqjedaoces as as on thd Tmsi^ 
valae» in excess of cuc caa someomes be adiievcd. A low source 
uniwdance aad a higb load impedainoe dvour aa xnerestsc in 
ihe realizaUc saia-b&ndwKUh pn>ducc 
To simunanze, non-foedbaek video amplifier can be 
^'designed to give x ataUe zntd^band ^Ain but they have four 
disddvaAcafies. Fim, tbe available gBJn^basdwidtb pxodvct h 
:onsidcrab]y less than the ideal tbeoiedcal liroiL SecotuUEy, 
the emitter currcat must be highly scable if the gain is to be 
staDle; ewea then the available nablc gain. is small It 
may be sbown tliat, if tbe emitfier cunent is completely 
stabHized and is small, so thai rj^/Pff<rjt tbe tbeoretJaU 
gain limit per stage for ±5 % uncertainty bj with no feedbaric. , 

where ^ cha vBiue of expected foe an 'ftvecage* 
trxkfisistor and tbe productioii coS^ncc on P^r ia taken as 

0^ffi^4<Py<2fi^^ .... (6) 

Thirdly, only a smaQ output voltage is available before dis^ 
.^tortioa becomes approciabUi. FinaQy, the individttal stages 
ieteract* and dKcefoic a design must be statted at die output 
stage and worioedback to tbe input Any change in ^design 
of a st^ Aeee$$ittttes a ehangc in ail pieoediD^ stages. A 
fcedtock approach to video^ampHiler design overcmes these 
tour disadvantafes* 

"3.1 
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Fig, 3 

for inductiveiy peaked amplifkr 



f« I 



Pesljin exMple 

As a practical compazisoa between the established non- 
feedback design technique and the mismatdted feedback 
approaeh,. 4 sixtlple deeign problem will be sohred fay each 
method. The following gpedfiation is to be met by a two* 
stage ainptifller using ^ pC44 tnmsistoxs:. 

Bandwidttr '2Mc/s 
J Souiee teeisttaee 75Q 

Load inqttdanoe 'lO^pF 

The gain is to be as great as possible consistent with ^ % 
overshoot; the same singularity pattern be vi&ed in both 
the feedback and non-feedback sotmlons. 

The elcmentsJ dicuit shown in Fig. 3 gives two real and 
two complex poles, and one real zero. In the chosen de^ 
one of the real poles is cancelled the zero, and tbe other b 

^ movMl far out along the negative real axis ^x^usre its eObci on 

. d\e pass-band is ne^^sible; the remaining complex poles ' 
dominate and are positioned to give a >pole ma^dmaUy flat t 

, response. The Optimum emitter currents and coixqionent :'V. 

:. values uM^y; be wJotOated as ^^y^ 

r L - 5T-5/iH 

The average transistor parameters given in Table 1 hav^ been 

assumed. 

The xnid*band gain of the ampli^ is 11 * 1 and is almost 
independent of tnmsistor-iwaroetcr venatioas. However, the 
baadwidlh could, at the outside, be in error by as much sz z 
factor of two. The anqpUte oveirtoada at abouc 7QmV r,in^ 
output 



4 introduetion to mtematehod f««dbacK 

design '"'^ 

I : If the nm beneflta and s&npUficaUons of the feedback 
approach to video^amplifier design ate to be reallaedp as mucb 
LEJE., Vol. UO, No, 2, FEBRUARY 



emphasis mnst be placed ou the stabiHty of cnid-band gam as 
on bandwidth* The expreS9ion$ for high^^^ueoey ^in 
sitnplUy consideratdy if it can be assumed that tin mid-band 
loop gain is large. Tbe mid-bar^ problem has been discussed 
eJsewhere'^ to it is summarized here for compfetencss* 

4.1 Single transistor wpCfief slages 

There aie two forms of singb-stage feedback amplifier; 
these are the series- and shunt-tbedback woptifiBra ahivwn in 
Fig, 4. The eireuita are duals. 




Fig. 4 

Ef€i9ientul nod-band drttdt JSagramgfor two 



Serles-ftedback an^Ufifir.^t^ seties^feedbad: amplifier 
uses feedback to stabShse the iransiOonduceaaoB* Wt?/. The 
an^lifier has high iriput and output tes^tances, yet it should 
be terminated in-a lovir (Ideally zero) load and it must be fed 
ftora.a voicige.sourBe ; the feedbadk loop is opdOecSreuited if a 
aeries-feedback stago is fed from & high-cesictancE (contftt) 
souioe. Tbe stable ttansfe function is 

is ^ , , a) 

f^Pn + ^ 

377 
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provided tbat cbe load resistance is not too larse;-diis reqiiii&- 
meat^BiU bosadxfiftdju&fli^flOdrmalwBipiiS^ ' 
to sohHto the traaacoadiictaiice of a scrieg^bedbadfc ampliflef , 
it is neoessaty tx> malofi Jtg lavge cooQgii to mask the m- 
csnsuAty in r JjS^ so tbat ^ ^ 

^i'^ 

itie prlnclp&l uncortaiB^ is 'm rg; usually, the lerm r^/Ay^ is 
oeigligxblr small. The input resistance of a scries-rcedback 
amptifier is 

^/-J»/^J^£ (« 

whilst tho outpttt reustanoe is veiyiaige indeed if the ampUlier 
is fed Gnoin a vohags so«ree: V017 appzoxiniatdy« 



Shuni'feedhcck mpUfi^r.^tht sh\nit-fecdback amplifier 
uso) feedback to stal^lixi; the traasrt3i5taac» ^J(f. Tbt ampli^ 
&r has low input and output tesiatances^ yst it' should be 
icnninated in a Jai^,(ZdeaUy ioenisd) Joad aod ii must be fed 
froia 4 caziont soom; the feedback Is sbDrt-dotcatCiGd to evth 
if a $hu&t^&Mlback aapltto is fed tcnx & lowwistancc 
(voltage) source. Hie stahio tnosfer. limctioa is 



1 + 



where Jix, is 5he total load- U«wUy, 
sodiateqn. U&implifi»to 

Itt ordtf to (tftbilKze trwrcswtanoe of a ^tvunt-leedback 
amplifier it is nmssaiy to make- RjflS^ stiffidenf^r small to 
mask th« taoesrtaiiity di« to )3^, so that ^ . 

- . . . 04) 



(12) 



03) 



If the soBTCB resistance is high, as it must be for coixect 
operation, the output resiitancc is 

r^^RflpN 05) 

Tht input resistanct, r^, is given by - Kf}A^ id parallel with 
/j, wber^ ri is the iopuc rtsistaiice of the transistor itself and 
\& its voltage gain, givto by 



1 



and for o&& shunt sta^ 



No inore ia avalUhlie than torn an aartplite 7/txhQui(f' 
fmlhaflk, but the ff eq uim ncat of stable cnitter current i^- 
itlaxed. In compaiison* the theoretical Ihnlt for two adjaceo^ 
stae» in a cascade of ^Jtgj^jJSfS&e 

so that tho advaataao is about a factor of tfazeo per ita^ei* 
This IS so great an improvement that the aHexnats cascade ii 
the oofy cm eonsidered as video finequeocKS. It is 10 be 
etnpha^ttd that eqa 19 app^ only to the stable transfer 
limctiaa between ibe fapat of one sta^e and the ouiput 0^ 
the foBowhig sta^e. When a. series stagp is followed by i< 
shunt sta0p» A^i^ is tiso limitiag voltage gthi*. for a 
shunt stagt followed \fy a sedcs stag^ is the limitina:'^ 
current pdsL .\ 
The \»82s of appmdi m ^ sdtamate cmadeis to iocto-^ 
duoe a gross iisi^edBOoe tnfiWfrawh between a4^ocnt sta^\ 
so that tfaeic is snbst^tSatty no iaateractiiin. Fmther^ eat^ 
sia^ operatB under iwsry ncady the ideal oixiditiocis for 
its stable transf«t fionction ia defined^ and ^ 
be calculaxed iSairly accurately by singly mnhipjyinff the indlr 
vkiual stasB tran«mmitt«D0es» as gl!v«n by eqps. 7 oc 9 and 
13 dr 14. Thus,.whfio a series staoe is foflo^ivcd by a shunt 
stage, the approvunate voltage gain k 

I 



while for a ahunt jna^a foUowvd kry a mies staa«« the axaa 
oinTBOt £ahk is 

A small COtrectian is required in a precise caJculation of 
che gain wbm a shunt stage foEows a aenes stage^ Wblle the 
mpttc resistance of a afamit stage is nna]]> it is not zero. 
Therefotc the ouiput cCMot of the series sta^c is not exactly 
equal to ihe input cutvsnt of the shunt stage^ ssiee a onaH- 
fraetion of this outpuc curxttni is ibaniad \iy the coBeetor 




In a satisfactory design, -iW'^f much smaller than rj. 
so tbat 

4.2 Cascades of feedback statits 

There are three possible combination;) for cascading 
feedback stages— two cascades in which all stages are of tbff 
same typ<5, Or a cascade in whJcb the stages alcemaee. Owing 
to wUraction bct^wi adjacent 9t^9«v in casctidie* Of atRUiar 
staae types, the available stable gaio ia small, The Uffliting 
values for i;5?4 aecaiacy are, for one series stage, 

^«ax«Ol^.^., 07) 



$uppty iaatscancc» it^i PI& ^- 'The cpuppng efficiency r) Is 
given by ^'^^ A--*^^ 



rt is rare that 17 is less than 0*^, so that the approximate 
expressioTi for r^^ eqn. 1^, is adequate even jft a precise 
calculation of gaia It is apparent thali^c should be as large 
as possible. No conectioa is required v^d a series stas^ 
roiIcTM^ a flhunr stage, since tbe ootput voltajpe of t&e shuor 
is fixaet^ equal to ebo input voltage of the sedev step. 
There is a slight iotmction between suges when a series 
stage folLou« a shunt stage, but it h sigmficonc only vfhen tht 
gain upptosches t^ timitiisQ vaSue given by eqsi. 19. The 
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input rcfiststjcfr^ tDc senes sttgc tn/w^ um. M^^^t ^...^ ..^ 
g^iDcts saua Uigbtly (e^o. 1 3)*. U is this Ibadibg eOect whidi 
gives lise TO the tlieorctiea] stati)e-g«jb limit The limit is 
. ^culated on (he asstixnptioQ um me (Lc. collector supply 
;«&xstdncB, Rcz Fi^. 5, is iofiiiitc; Whtn a finite ra&istafioe 
is used, (he loading on tba ihmi sta^ Is inotzsed and tbo 
'•vafi^le staUe gaia is ledxioed. it li appanent tec 

should be S15 large us possible. • 

s Single-stag fe^back building blocks 

It was shorn in the pfltteedioe Seetiion that it Is possible 
to design cascades of altnnase wek^ and stamt-fflftriback 
stages whkh are $o t n tsra atefaed at low foqoendesi ^at th«r« 
j5 AO inmctiOA bexweea stasea, provided that the gain does 
not exceed a oettahi limitmg valna. It is aot possible to 
pjoduce this desree of sslsinateb at hi^ ficqoendes, bot it 
wOl be ^hown kt this Sectum that a Mbadc vidto ampIiOer 
flisy be bndkeo ioto aoo^iecactiiig mismatched Btoaos of 
tv/o stages. A onihi'^taaeftodhaGkyidto amplifier Is tberefoic 
readily designaUe than a nos^eedback ampliStt. 
Further nugor advaataaos of iha ftadhadc approach wU 
^^ttome apparent aa tho-aha^ysis proceeds 




EUfmmoi eircuix tQagrams for singU*Siaf€ 
feedback w^fifim wUh iOghrfi^uctKf ptakUi^ 
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1 -r JTij 



1+5 

and 



<24) V 



.... (25) 

IR the genetal ease. tb» iniuftr adnrittanoe has two polw 
and one zeto while th» bput impedaaoe Ku tbcw pdes and 



Sit 



Li 




Fla. 6 showa drctiits for senes- sod shunt-feedback atagesi 
Mth suitable high-te<iuu»^ pealdoe ooioponti^ois. Mote 
dftbotate Jnductwft peakbg citaaCs atfO posslhlaw but tbe 
lesuitins polcMo p^ttons becoAa SO ccssd^Abl that ihe 
circuits aie not readily dcaigaable. Ftirfhcx, tbe cireiito shown 
are capai^e of reaiiziQS the tbooKtical gain-bfliidwidth pro- 
duct liiait for the tiansiatmi^ 80 there Is IhOe point OLaddtog 
further compooents. Oofi important eooxptioct b the speeial 
case oODsidBced in Section dAl of a tensina! stage udiose load 
IS purely rescsffve, 

5.1 SerUs-feftdbaek stag? 

Hg. 7(a) is th^ compkxe equivalent eircuit for a Beries- 
, feedba^ stage with peaking. A nvsnber of tbe detuisnts' have 
n^U^bk dfect tfi a praettoal design. Since Zi is saaU h^ a 
projpttiy designed cascade of aitemate stages, r^^'ajad rrjr 
aiay always be omitted. IBoc the saioe reason, may 5 ^ , 
omitted from the output dicoit The MiUer cooiponeat of 



^£^zeros- HowevBT, there k an important spedal ease wfatcb 
9^^a veiy great shnpl2fib&txozi» as both fmHaos become 

T£''— if .... i - (2^> H« ? 

which gives 



and 



1 



(28> 



d^nds oti the volta^ gain (see list of symbols), but ^ 
cqns.'7and l^show that the voltage gaki Of a sa:ie»'&ed^^ 
$tage la a long cascade is maflsr less than imi^, so that this 
Miller compooenc is usually negUgible. Kowem» eqn. 34 
gives a ftnt-order correctioa. The ain^iifcd ett^iivalent cmiit 
is shown in Bg, lifiY 



Usually, tbe term in eqit 28 is negligibie, even at high 
fmtuendesu 

If die odd-band loop a^ Ali is lar^, i.e. if ^ 



>1 



If 



. . (23) 
Of a aeries' 



the eTtpressioiKS become 



ihe ti^nsfer fldinittaooe wd Input iinpedance 
feedback stage wrth pcaldhg ar^ Sivan by 



<30> 
37? 
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and 



1 



Ihn slngi&iioled iapnt unpedaoce oormpofids ^ si psinJIel 
itC coxnbfoaibn, in whkh 



and 



55 c:^ 



1 + 

IT Che Mnier input capacit&Dce is taken into aocoiml. 



^ 1 + IMt 



(32) 



(33) 



(34) 



A laiQtbcr of Mw tyabols axe IvmducMl'te iSmeW^ ik/S 
aotatioa: ^ 




Tbe liigh Output impedance of Oi» fi)^ies4'ee4back &znp)y&r 
is maintained up to the cut^^iff frcqueoQr of the onnsfer 
4st4mxttaiioe; iho output coc^uctancs and cdpadtance arc less 
than 1 /rc^ and respectively, TTjCidbre it j$cwy to 
jZtj sufficiently small for eqs&. 27^34 to describe the 
fcmnance of the stage adequately.. For all practical purposes 
tbeiiB is no rcactioa of the 16ad oo (he mxakr adiDittanoe of 
^ sedes-feodback amplifiet. 

5.1 Shuitt-feectiiaek stagA 

Pig. 8(tf) is the GKunptoeqiuvaleat CDcoit for a itrnv- 
feedback 8tAi6 with peajuns^ If the source sod feedbadc 
jmpedanees are large compaKed with rg, may be negleeted; 



Subject to the cbodMon thai 

\ZM > \^)ri\ . . , . ; (39) 

wfai(^ wi2L bo Mtiafied in any zsormal practical desisn 
eqn. 12), the tranaio-. iropedanoc of a (honWeedbaek ampli^ 
ferb ■: ' 



m ^ 



1 ^rry 



(41) 



«3 

3 



— ^ 



In the aetier^ caMB of Z^. having muh^Ie poIe$ and zeros, 
the transfer impedance b e cop>a $ eoiripUeated and ihe stai^ is 
aot readily desi^iabk. However, if i$ a singla-^led 
. {tnictiim cont^TOiMUha to aa j^C load, a dts^ 
^ iranrfer function results. Suppose that _ ^ 



Zi.=i?, 



I 



ir the fflidlMd loop gain, Ai^ is (ar0^ i<e. if. 



1*1) 



(43) 



.0) 



I. 



(6) 



Squ(¥oitnt cfftuii fir a shunhfitdbeck stage with 

M 
W 



the transfer im^jedajooe is given to a very food approxumtlosi 
by 



7 

* '"^ .... (4*) 

Two fxirther approximadons are osefuL First, dnce the 
loop a^ has been assumed large^ the denominator of the 
fine icrm in eqn« 44 i» appioxiznaidy unity. Tlie mid"ban^ 
transfer impedenec therefore reduces to Rp, che appraxhnatt 
value obtained in oqh. 14. A much poorer approxunatioa is , 
to neglect all but the ftrsr term in die oue&ient of s', this 
approximation k useful in the early 9ta^ of a practical 
4«sisn, The simplified ^ansfer cpipedance is 



a factor of jSvc is abundant and two Is 8Uffidaoc» so that this ^'^^^ I + jJ^/ -r **J<f (Cr -r- CJ^r 

appro)cimation is vaMd hi any nonnal design. Further, rcjg 
Au4 r<c^ mio^ be onxiotd in comparison with normal vUuea 
Tor Zi, and in speei&K chcum^tances rce and r^r ™y be 
included in Z^ and J?^ When these $ii»pU6c&tioA£ are made, 
Che equivalent circuit of Fi^. «(« results. Note that the totnl 
feedback eapadtance is 



C35) 



The two poles lie on a circle whose radius is 
and iheir real pact is gjcvmi ttpproxhnattjy by 



9 «■ _ ; 



(45) 



(47) 
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with indmdttal g&iflhbandwidtb pt^duca tbc gam of 
the iwftpHfiiy is 



. (48) 



Tbe rcqasreinexit for a slmn&fecdbselc stage to be dcsistt&bJe 
19 thai its ioad xtnpedlaooe should be A shugte^Ied JCC 
functiotL For the output stage of aa aiopUfier, this comsponds 
_ .'to the tisuol pnccical situatioiL Howeva, within a cascade 
of altenite stages, the Joad is the iogntt lmpc)d<pcr of the 
following seties-feedbaO; stage. This is a sm^polcd HC 
fusciKia only If ihe series sta^ is peaJcfcd whh ts ^ r^, 
v/heQ' the ioirut resist&aqe and capachaiice uo g£vea bf 
eq.zxs. 32 and 33, re^ectivdbr. Tberefore the cotufidon for 
mgiifymg the design of the series-feedback stags U also tbe 
condiuoii for desisxiabflity of a long eascad& 

5.S ^^.^-bandvftdth product of siqgle^gt f aedbaek 

biti[dMg blocks 

Consider an ideal cascade m, which aU cransistoi^ are 
Identical, lite load piesentod to my shimt stage i$ the inpot 
tapedance of the foUowiDg senea stage in parallel vdth its 
jvwn coUficior supply mastanoe Mc.ltjht loop gam around 
tbe series stage is lacge aixd if the stage is peaked with 
as is required for desigoabdltiy of the cascade, ecjns. 32 and 33 
give the load resistaoee and capadtanoe (ot the shunt stage as 



m 



and Ci = s * ty/Jlg . . . . {5?" 

la any pnctieal cate . > Cjr (Si) 

so cbat Cp may be neglected jn contpaRton wittx Cj;- Sub- 
stitotioii of these data into t^o. 44 smi the tzamifBr impO' 
dade« of ihe shuBt stage aa 



(52) 



(S3) 



If eqn. 52 is mnhiplied by tha transfer admhtaoce of TSte 
series stage; eqtn. 50, tbe overall cuoeat gain of the tw 
stages is 

_^.rt«fe Am^RplJ^s . - , . • (55) 

. is the itiidteBd current gain of the two stagea. 

The cttneat gain of the two traBslfitOE& is a 3-poted 

• functioiL A useful shnplffieaiion is to move the pole doc to 
the series stag? out along the oegattvo zeal axis towards 
znMty by zzutog /?g lazse comi)a2id with The rtotah^ 
poles, due to the shunt stage, ta^sy be sidde ooioctdent by 

■ putting 

? KmZtrV^P) (56) 

' and the gain of the two stages beooines 

'MCBEOntBS t£JE^ JU, No. 2. FEBJO/MY 190 . 
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Comparbon of e^ 57 and 58 shows iiiat the easeade ox 
altecnato stages has realSaded an cftcdvo gam-bandwidth 
product per transiscor of 1/t)», the tiieozetfcal Uoiit for an 
ideal transistor wfaidi has tedoosd to zero. 

In piaeti»» tha available gsio^bandwidtb looduct win be 
sli^stty^less chaa I/y^*. Use pole due to tl^ series stage oannot 
be aibvcd out indcflzutelx U^^ for, fis i& incnased, 
omsc be iocreaaed to meantnin the cntrcut gahi and Cf nmsc 
bo xedooed lo Tnaintatn th* imjuM feedbadc time- 
coQStant, Tf. A pomt is leaehod at wbicb the reqaired valve 
of Cf k less- than the ooUactor txaosition capadtaticc c,c, 
wtodk sets an absohne mznioioizi to A further Ihniia* 
tion lies isx tbe assutaption that Ci, is vexy oncb grtaia 
than Cf (eqp. 51X In pntctioa, 80-90% of the theoretical 
gam4iaadwjdth pcodoct is rcaliable. Thft is betto^ than can 
be obtained widi most valve GizcoitSt and is a very great 
improvenifixit over noa-feedbaclc Qiaasisior drcoUs. 

Tbe amplifier with a doubls polo en the axis giveE» ztxo 
ovMhoot oix crao&raata. If an ovttshoot can be tolented, t^ 
baivb^dtb may be increased soxn«what tt^out Ios$ of gaiiL 
For aKample, if Tf Is adjosted so that 

K^V^Tr^Afi}) (59) 

d3e amplifier has a 3^1e n?]»'^hifiaHy fiat re^oase which 
9ves an inctcase in bandwidth of 56% with only 4-3% 
ovoshoot Tiak moYing of polss off the n^aiive real a;ds 
ooticspand^ to inductive peaking of a flon-fM^fflc^ 

The advantages of the feedbadc approach to tnasistor 
video affiplliScr design ate as foUows: 

Ce) It ovQSQoeses that Uinisacio& of uoa-Cbcdbaek 
waicb is due to rjh as the realkable gsin-bandwidth prodoet 
is mbstantialb^ 4>f . 

(A) Ii^eosmes that tb« mid-baiul gaia is aeeoratsly defined 
wirootthe req nir enicnt of higMy stable emitter cnmnk 

(c) It allows the tiansstois to be opttased at mnyaskta 
cfruoar cunorb, so that idatiydty tsigt output v^tagcs and 
coneais aia;j^ obtained* 

(d) Beamo of the atmost oomptet* indspmdraaflR of the 
TttsttSer adjoittanos of a seri cj ^fe ftqlMric stage pq iai^loady' a 
multi-stagd feedbadc amplifier may be broloBii up. inco a number 
of im-iateiacdDg bIoctei» eaeh of whteh oonsistK gf a stmt 
stage foBowed by a eoiiB stage. 



94 Accuraey of f eedbaclt apps oacli at high f raqttaneias 
with practical tranaiatora 

Tl» lOiainetical analyias of the preoedh^ 
based on the musnp tkm tfast is Knowxi. In fanctioe, when 
onselecsed Cransistoxa are used m anvl^eis> ^ to 
vary between 70% and 240% of its expeeted value. Sh»Oar 
sjooadsooeurk the other bl^i-fteqococyparasMtm^ r^and 
c^^.The pnxpose of tfak Section fs to diaaus the eflieccs trfthis 
tmcettaittiy in tEansistat parameters oti the accuracy of the 
feedback dedga approadL 

A 8erie»fodback ami^lifi&r with peakmg adjusted far a 
oomioaL tcansistor wifl havb a too at tbo expected pole 
firequeacy and two poles k the nelghbouriiood of tids ami. 
Consider a stage nsing transistaKs ^ih somiiial but with 
the tKroducdoo spmA in r,^. If the m£d-4iaiid loop gate 
is 4ws or mote, the tnutsfer adtoiitfamcs wOl bo withm 10% 
io msgnitwda and lO" io phase of that for a theontkal stage 
lip to ihe txpoctod pole ttocfcaen^y* sut^^eci^ of coufse^ to tho 
validity of the hybc^ eqoivakat dreoit at sii^^ 
The inptU in^iedanfle is oo locieer singie-^oled; in addldoa 

3« 
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•to the pole at s*^ l//9//r^, theie are «n anignifirmy pole 
aa^ ttecf iXfi tfao'iidshboDrhoad of ^l/ty -wbaidi csncd whm 
has its Bammal valuer The itnmfriatfng oon^OQeacit of tbe 
iApUf iaap^daaoe » a capa ci tMi c c ^lidi is very close to the 
expected v«hie pvco by eqo. 33.. 

The spread in has no ofibct on the input impedance 
since r^ is jacj^ectcd iA eqo, 31 and thereafter. However^ the 
tequeocy of the pde in the transfifir admittaocc is almost 
directly proponional to (eqss. 27 and 30). Expedeoce 
suggests that it is food praetiee to design a cOnspJete ampMer 
ao ih&t the polcft doc lo series stages are well oat Mr;r>z the 
negative real axis, beyond the dominaTn poles of .the overall 
traxttfcf funetion . In Uus vay , the unoertaisvty m thek location 
due to becomes IxuigDjficanL fiinber. the ^aiaU erroz9 due 
to the uncertainty of r ^ are tendered even less stgidficant 

Finally* the uncertainty in is of no coasetfofioce in a 
seiies-feedback amplifier. As discussed in Section 5.1, che 
output capaclcaocB and the Miller coniponent or input 
fflpanranre, which are both dvie'io Cto ^ ne^^leeted in aziy 
oorxnai design. 

The suggested minimuTn. loop gain of five eowes that, 
with noimal biasing cixtoits and the resoham degree of 
stabih^ ia and heooe the transoonductanceof a series- 
feedback aiapiifier is stable to better than ±5%. 'Hiovwmc, 
che loop gain is euot so large Thai xcmey be talon bb infinin 
in cdleolatins the traoscondocbUicB, the pole Cre^uency and 
the input capadtance (eons. 7* 30 and }3» Mpeetiv^y)* 

Ihe expcession for the transfer hnpedance of a shuot- 
feedbadc scase depends more «i a luse ndd^baiid loop gain 
than the carre^ponding cxpresaon for a series-feedback stage. 
It is Cbezefoie wise to base a design on a Joop gain «f 20 or 
snore. This ^ lesuli in a au4^)aad ttawesfstatioe v;hich 
is stable to about ±5% with the usiml tnlearance on 

The polQ9 ^ a shuntpfeedbadc stn^e lie on a dcele whose 
radius is given by egn. 46, The load capaohanee, Cj^ isknovm 
to widiin ±5%Qi better in a long cascade and Is picesumably 
kno^ exactly When a shuni scus drives as external load- 
Tha feedback capacitznce is mudi smaJkr than C^, and is 
usually known to within ±20%. The total ca^iance, 
Cf -h Ct, is tberetors known to better than ±10%. If is 
chosen to give a desired pole-circle radius whh nominal 
component values, the uocertainty in capacitance together 
with Che spread r^^ can give a maximum error of ±20% in 
the radius, with. ± JO % being a more Uke^ figure. 

The roEil part of the pglcs is given • approximately by 
eqn. 47. The e0isct of the spread in r^* can be taken up by 
TnftVmg Cf a variable adjustment- Since Cr includes 

c,^, wiiidi has a spread aiso» the nominal value of Cf should 
be at least twice that of c^c^ Variation of the external feedback 
capacitance can then take t)p the eombined spread of 
coniponeni vahies. 

It appears that a feedback video amplifier is designable to 
±5% la mid^band gain and 30*15% in bandwidth if the 
following rules are observed: 

fprKriejJfage: 

• (h) CgRs - Tr tabninaD so thatc/ - . .^f,. 
Co) Nominal pole frequency if - 'JltBiLJtlSJtSi) 



Fcrshmusti^i 



CO 



>I0 



(^) /{^ to be chosen to give ro^uired poJe<irde radius, 
aflsuiutn^ nosnhial C^. 
(/) Cp 10 be adinsced lo give requixed real part, and 

M fSttmtrteal deeign 

Consider the design of a feedbar^ amplifier to meet the 
spedScatiofl given in Seedan 3. 1. The mpMa will consisc of a 
series stage (oltowed by a shmt as in Hg. 9. The stiunt 




bft vvqII beyoed the overall, cut-oft frequency, by- at I«a$t a 

^ctor of 2. 

383 



R9.9 

feedback amp&tcr 

TVa AikulMid vkhMi, Bipuntof 'cvtnpi* OCU 

}-20lcO C> 15f^ 
iSd^udsiinM'^ 

4-3™ 



Stage win be peaked to give a ^Fpole maximally fUi res- 
ponse with (he poka at 45^ on a ohdo of radius \s\ ^. 
12-6 X lOVad/s: ^bcir real pan is c = 12*6 x 
cos 45* ^ ^ 8'8S X 10^. The pole due to the series sta|^ 
is placed on the axis at three times ^ ovcndl cut-off 
frequenqr, Le. er 3 x 12*^ x 10* * — 37*7 x 10*, 

The tcansiscors will be opemted. at Jf^ ^ imA, for cotk- 
venicnce: 

' SMts sicge.— Eqn- 27 gives the pole at 

Substltutioa of the numerical data gives J9f « 58'4i2 and 
eqn. 26 gives Cg = 283 pF. 

Shant stage.— Tht stafic will be designed with a coHcaor 
supply lesntancc of 3-3kIl, a reasonable practical value. 
SubttitutiOtt of numerical data into eqtia. 46 and 48 gives 
Rp » 3-20k£2 aod Cf — 25 pF* Sut e,c ^ lOpF; therefore 
Cf^Cj,^ « 15 pF. 

<r<uff.— The voUage gain is given by eqoa. 7, 13 and 22 as 

The value of tj wiu depend on the collector supply tesisiance 
for the series siege, but ifchis is taken as 3 '3 kO,/4^) « 34-5. 
The amplifier overloads at about 1 Y ron^ output. 

The perfonnanee of this ampU/ter is much superior to that 
of the noi wnffba c k design CSeetioii 3.1). 

PMCOM^ iJL£^ 2, FEBRUARY Jm 
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6.1 Condition* fof Insrta&fid oain-band Width product 
It h&s been showo that the perfonnuioe of an aixtplifirr 

c;OA)istitie of A number of eiiemuing shunt** ana serie»^{bnS- 

' badK stages is 2ixnhedt>y the intmctioDhecw^ 

and the foUowuQg eer (ee scage. The load capacitanoe for a 
shunt stase is the input capadtauce of the following scries 
sta^e, sad this glivei rise to the limit in gak^baiidwidifa 
product If a Bhunt stage is terminated hy a high load impe* 
danC6 or if a series stage is fed from a low soaree impe- 
dance, the stage i^in«baodwidth product may be iocicattd. 

For a. shunt sta^ the polc-citelc radius, and bence ihtt 
bandwidth, is inversely proportional to the squai^ root of le^ 
capaeitanoe. Consequently, if the load capacitance is sznaUer 
than the input capacitance of a series stage, the gain-band- 
width product is increased 

For a series stase, the input is^pedance falls as the feedback 
25 reduoed to increase gala If the source impedance is low, the 
feedbftdc can be reduced considenthly without the increased 
input capacxtance reactiiig on a preeedtng stage. For the same 
reason the peaidng may he adjnaiBd to give a multiple-poled 
transfer admittance and the resulting may be used to 
canc^ a pole oue to a later stage b thp amplifier with ft ^irthff 
iticrease in bandwidth. 

Conaequently, for those situatioQs in iwhich the sotffce 
ioipedanoe is low and the load irapedanoe high, a ooDSiderable 
increase hi gam^haadwidlfa product is poswhle for the 
tensdnal stages. This situation h otei met is practice. 

The extreme ease of ieoease in suz^baudwidth prodoet 
with terminal stages is an amplifier vt^icfa consists enimy of 
kermlASl stages, Le. a ttvo-gtagc amp]i&sr. Both the oumetkal 
design epcamplcs of ^e pcevious Sectos fdl into this category. 
The out8ta»din$ example is the f eedbadc dsngn in which the 
gain-bandwidlh product achieved exceeds the theoretieal limit 
for the transistors with redneed to zero. Howeverr <tit 
represent a special case; no such edctreme Improvements in 
gaiA'-bandwidtit product are possible in gencsraL 

5.2 Cboi«« 9i ftedbacic ty^ns far tomilna] ataosa 
The choiee of the input and output feedback stages in 

a multi-stage ampUSear dcpeads on the source and load imped- 
ances. In many cases the eonvct efaoioe is obvious; o^isxGxc 
numeric^ example of $ecdou 5.6« the 75Q souroo is so low 
thac a series input stage was the obvious dsoice, while th« 
lOOpFload is so high that a shunt stage was used. HotR/evcr, 
there is no Atap line of demarcation between high and low 
impedances and a ivige exists which could be regarded as 
eitiier. The better type of tennuial (tagefcn-xmpcdanoes Itt this 
-ange can be fotmd with certainty only bycompartng mimerlcel 
A^\m Tor the two types, but a few guiding pdnc^Jes apply. 

First, as the emitter current is increased, some eqnivaleot 
circuit impedances f alL It mfly be possible to change these 
impedances so far that a source or load of *doubtfhr class 
becomes obviously *hi^' or 'low^. However, this technique 
ceumbt always' be used as the emitter currvot may be con- 
Stmixied by other oonsideratloos, sudi as minimum Tj- Zi: 
maximnm available output 

Secondly^ che expressioa for the mid-band transfer imped- 
ance of a shunt-feedback ampUta* is based (eqn.* 12) on the 
assumptionlbkt jR> > ^yr^. FUfthtf, if the niid4>uid of 
a shuot^fcodbaiclc amplffier is to be stable to ±5%,itnuybe 
Shown that 

?ROC£EI}IN0S /Xfi, //O, No. J, FEBWaJIY 196B 



or, as St wozfcf rulet assume 

IXPna ^ATge, the Smallest load teslsttece which should be 
used widx a shnnt stage is 



«1> 



Thirdly, the voltage gain of a . setics-feedbadc attiplifier 
should not be large, or the expnasioQ for its transfer admits 
tance, eqiL 27, miy be inaocurstc Hie true value may be 
calculatied readily provided that r^, rca- add especially ic,c 
are taken into account, but eqn. 27 should be regarded as 
suspect If the voltage gain exceeds 3. Therefore, unless & 
more elaborate cslculation is canied out, a guidiog rule is 



(62) 



6.3 



Comparison of feedback and nao-feedhoek temif nal 
staoee 

It was sh own in tha preceding Section that soumes and 
loads of any magnitude can be used with at laafit one of the 
sfngie-sta^ feedback: ampUfiert. Thus, the nusmatohed /!eed- 
bade desi^ approach is ap|>Ucablc for aU souices and loads. 
The purpose of this Sectjkm is to (Siggcst that sciics* or shu^^ 
feedback stages are, hL geneml^ more sgtm f a c toty as teonmnl 
stages than any oOier an^pUfier configuratimi. 

Common-emitter stages have been discussed in Scaioa 3, 
where it wa« Silted that their gain-baudwidth product is less 
than the ideal limit Common^^tter sca^ have so advan- 
tagBs over feedback stages at tfae ioput or ouqiut of an 
amplifier. 

A commoohcollector (emittervfoUoweO input sta^ has a 
h^ input resistance but its input impedance has, among 
others, a pole aXt^ Ufi/^-ry. The input impcdSDoe tfaocfare, 
has a large capadtive component and does not remem 
lar^ at hi^ frequencies. A series-feedback stage can acbieye 
an identfeal input impedance and is a. much mot« vcxatile 
building block than die eminer roflowcr. An emitter-follow^ 
ouQmt stage has no advantages over asuitable feedbac9c stage, 
usuttfly the shunt. The ouiputimpedanoQ of an emitter foEciwer 
rues With Jnereflsing frequency! smoe fUls at 6dB/octave: 

Rather, except in special drcumstanees, tbt input hnpedance 
of ao ecuttcr foJlower is not a singlBiWled Itmetion; the sta^e 
precodiog an emitter follower is th^om undestguable. 

A common-base stage has a low io^m impcdanoe and a hi^ 
output ixupedance. It would be possible to use a coxnmon-basc 
input stage as an imp^*"^ transfonner wirh unity current 
gain to drive a fairt/ large load impedaocB wifii a ourent and 
obtain a voltage output However, a shum feedback stage 
would be preferable; iu low input hnpedancc s bener main- 
tained with incrcasiog <^«qucmiy and Its low oinpiU unpedgim 
would give a more stable voltage output into a varying load. 
A common-faase otitpot stage can achirw no higher cmtput 
impedance than a seria-todbaCK sa«e» while i&e series sta^ 
Is a mock mor9 acadble 'and genetally useftd iMiMiBg block. 

d99' 
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A type of tflzjniaal sta^ wbkh h worthy of qpedal 
somiQa is one ivfaiefa toost mrk with a. ooaoasa tUtiH^ Ito tbe 
usQ&l wid^-band cM^, aiit amplifier for w^vithcdblcs will use 
dnft tFiBSBUirs operating at about SxnA for Qpti&ram pei^ 
fODmoMe* XhifortunaBBly, on In^radaaob of 50-1000, typkal 
for 42iblBSy fan$ IniQ the 'doubtftil* dan of SecdoQ when 
tbc emitter cuttkcic is 5 mA. 




Ho- 10 

Ekttanid citadt dtarramsfor tkree.Qrt^niantms of termtnai 
QM( coaxiai mle^ 



Fig. 10 sbo\v$ thro possible a|>ptoac^es to cpaxiaU:abIe 
amplifter desigo. Note that the tenzuzwtin^ pads, sbowa as 
rcdrtanccs^ tray be networks involving resistanGo^ cipadtancc 
and ifiduQUs^ and should be daigKM to giw tho toi cable 
floatoh alter aUovdng for (he input or output impedaoce of the 
acaplifler proper; a praeiieal realizatioti of one such nanvork 
is giveD in Secdon 8J. 

Fic 10(a) shows what is probably the most useful anange* 
mcDt ESeccxvelr^ it is cascade of a ahunc st$ge followed by a 
series stage, whh a rather small collottor supply lesistance for 
tlic shunt stage formed .by the cable and its teoninAticzi. The 
input impedance of ^ s&nes-feedbtbtle amplifier at the 
reoeivins entdisso that an accurare match can be obtained 
item the ehtmt pad* Ho attempt 'isnwde to obtain a matdi ac 
cbe lendine end; the cable is dnveai fiom the lelacivdy low 
ouiput tmpedaoffi of ashuat suga, and this oo^rat Impedaooe 
is both reactive and variable. Provided that the cable length 
and dbaractaristies are such thai ssn^}&«iid. [errninatiaii is 
'' sadslhaocy, this arraneeMU is capable of the hi^to fsfim. 
' Vlg. 10(6} is the dual azransement of a series stage j!c«lluw«d 
by a shnni scae&. The cable is fed from a current souxce ind 
(ermmated as thaieociving end ma pad m scries with tbelow 
input irapodanoe of «. shunt stage, Hw receiviog-ecd match 
with dtts arnngcaocni is uotikc^ to be as jood as that ob^ 
abl^ m Fi^ lOCa) because the input ImpadttBoe of the shunt 



state, Fig, 10(6), is not as low relative to the csbk inipedanoe 
as dtt iiQmt ia(pedanoe of the seita sbis^ fa 
rolatEVB to the cabin; tibss UDoertunty in the total tezonnatiaK 
(mpfdannB is greater because Che fdatMy unknown input 
iiqpcdanea of the translator is a siore significaAt contra 
However^ if the tecmteatton abawa d tted at the sendins cod 
IS Incteded, an cxcellwit naith is posslhle at thg pomt The 
cable then has one lair tenninatioo and one 0ood tiffinhiaftOD- 
but the pdcepaid is a 6dB M hi eaha; half thecuzxoitacvail^ 
able lu^ the line is shutted by tbc sendhi£<«nd pad. 

FS- 10(c) shows ft chx:cdtx^ribkhgC¥Q8 good natdi^ 
ends of the cable, bat its gain is veiy low. It consto essentially 
of two easeaded aeries-feedback stages^ which must ghre a very 
moA 0un Om an atosniaie cascade. M an order of 
nacni^Kde^ the gain js about the sanae as could be obtained if 
ooe transktor and the cable were- Qcnttcd. 

U Volta9«dtiva for smaUmtsitlve leads 

One exoeptiim to Ih^ StstCDBnt made m Section 5, that 
ihe inchisioa of Inductance 01 the peaUnir chcitt^ 
ahl^ oeeois when a Uumt sta«B is used to driw a small lond 
^^hidi is HithSMntiflQy lesistxve up to tfic snqvlififlg eiil*ctf fSn> 
quenc^* tltt iDOstliiaBly ttxanii^of snchalo^ 
ccCTrfalcaWB>ftgJ!(g)AowaftpCTctialetoritiBO^ 




(67 

Fig. 11 

^ktmfiedback stogt with Ituhtatn p^lng for 
tiff wwt onailrwil^hm hods 



StapUMmvl 



Fig. 11(6) shows &e equivaleftt Gsciut aftar the mnd aio^l^ 
ficaiions-lt is assumed that Jl^ sS $e small that 

2rp«i?t (63) 



at aU ffcqtiencies and that e,^ is so final! that its reactance is 
negligible compared with 2>at allAcQuendes. 

If Zj^^B^^sLf^K^X^rrp), . . (64) 

the transfer Unpcdanoe of die stagi^ is given by eqn. 40 as 

. . . . <«5) 

fROCSEDWOS ISJS» t^ol. 110, Ho. 2. fSBHOAJlY 19^ 
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eqo. 65 ledufles to 

' . .... (67) 

aad approxunating ftnthfir. 



so the polMoo pattBm is aixnasc independent of jS/^. The 
poUs lie a a cixde iivhoie radius is 



and have a real pait given by 



(70) 



.Ihci^ i$ a wo at 



A pracdcal design usiog Joducrfve peakio? is given in 

Section 8.1. 



Multf-^tag9 feedback loops 



7.1 



CiafflTcal feedback ihsoty »bowA that tbe seositiviiy to 
parameter di&nge) dccreaaa a^ the xnimber of stiges cndosed 
by a feedback loop idereases. Valve ac^lifien m tmully 
designed in accordance whh ihta princjpte^ tod.fi&edfasck 
loops around three or more stages are oanmon. Ho^ 
ever, t2ie vanabHity of certain transistor panunsters and the 
internal feedback ^^ithin the transistor eMue transistar 
feedback smpUfiers to become increasingty dj£kuh to design 
. as die number of stages wzdun aloop is inoBased. Ae audio 
ficequendes a bwtding-bloclc of t«o stages is bo lanscst whfciL 
is readily dCSipaUfi. T>»o sudbt gr9ups» the cu^ 
feedback pairs sbovm ia Fi^ IZ, are pazticularly usefol in 




mg.l2 

Elmntatai mfd-hand draUt thgmnsfor 
/fedback pairs 

PMCEEDINCS IJLB^ Vol. 120, Afe. FSMJiVARr WS 
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±10% uncertainty in gain dne lo the prodocOan spread in 



(^6) ^/^^citiKir pair is capable of a maxiifiiutn gala gives by 

TbDis is sUghtt/ oioce than the aiteoiatt cascade* cqn. 19, bat 
itar values of fi'a^ In excess of 100 file difoenee Is loa than 
10%. Andio-frequea^ aeapSfien In wludi maxinucB mJtit 
gain is of panunoim snpoxtance shoold therefore be desigDcd 
as a cascade of feedback pairs; in other eases die f ftM^ 
fisadbiHty and sLopJor <M0i cquadoas of the ateiuffi cascade 
inay ou^iueic^ the slightly grocer gain of 

Tlie design of a feedbaclc pair at video ftequendes is (edJous. 
Hie transfer fbscdon of ei^ pair without feedback has two 
poles on the negative real asds in the nei^bourfaood of 
--|/t7)S/^* If tiie loop gain is inade large enough to giv« ft 
precisdy stabilia^d ^in, the d06ed4oop poles take X)v 
positiona undesirably close co the imasiaary axis and the 
transieni i^poose of the anqilifier develops a large ovBislioot 
It is possible to improve the transient reipons e of a feedback 
pair by adding phsse^eorrecting netwoxks to the dreuit 
However, sttcfa necworlcs are not readily desigDable bocanse of 
the u ncerta in ty in loop gain and open^oop pole positioos due 
to variation of ^AT* In addtdon, yoUa^eedbaek podcs hitv^ 
«iten cascaded and are diercfbre of licde use in multkUagc 
video amp2ifiets. CunentRlbedback pairs do not interact in 
diis way. 

The dnal and most impmant arEomtst agaimt ihe use of 
feedback pairs ac video freqacnsies is cbac, as shown in 
Section 53, the alternate cascade is capabte of yielding the 
theoretical gain-bwdwldtbrprDduct itsait for d»e transistors. 
A feedback psircan^ at the best, adiieve only tlM same end at 
the expense of gteatar design comi^GXity. 

Gbausi:* in a caieiTzI investigation of the cuirent*'iec<ti»ck 
pair describes a design which a pair of r.£. transistoff to 
give a two^pde maximaDy fiat bandwidth of 2'29Mc/s for a 
mid-band cment gain of 20. If the same transisttas are used 
jg flnaf3ap| j pi p <»Mfatmgnf 4gintf^ ahnnt gtagia Mlowpd by a 
single series stage, the mMdmaSy flat bandwidth for a ndd- 
band ounent gain of 20 is 2-26 Mc/s. 



7^ Overall feedback 

A wortlHvhiie arrangement of feedback over fOore than 
one stago is Ifac use of an overall feedbad: loop around a 
cascado of altomae^ series- and shunt-feedback stages. TIk 
cpeDrloop siognlarlttes required for a gtvaa closedJoop 
re^nse can be demnined txm standard feedback theory^ 
aiui, since the opeo^oop' pccfbrmanoe can be ooatrollsd 
accurately by the local feedback Joops. sudh amptttes arc 
itadSy destgoMdIe. 

There are at least two cases in tiMeh an owaU Ibedback 
loop is advaniBgeons. The ISrsc is when a viesy ucntaldy 
controlled 0un is required, as in a xneasurin^ am^ifler. As an 
exaiople, the g!Ubn of the forawl path can easily be eotitrolM 
to t5 - \0% by the local loops, and a loop gald of 10 
around the overall loop wi& result in a gain accoracy better 
than ±1%, The second and kss obviou$ case is in ootaln 
loviF-noise applications. Tliis is discussed in Section 73. 

Ovenil feedback loops can be designed to siabilitt any of 
the four possible transfbr itmctzons tjv^^ tjvi^ ijig and vji^; 
Fis. 13 shows soitabk arrangements. Tl»e stable transfer 
fbnction of the amplifier without the overall lo(^ should in bB 
caaca bo the Ancdon which is to be realized by the ovoal] 
loop; thus, in Fig. }^a) in v4iidi a very gtabfe transfer 
conducxaneeiB to berealiad, the amplifier coossts of an odd 
number of stages with a series atagc at both bqnit and ontpuc, 
so that its stable tianste ftetion is its transeoikducmaD^ 

385 
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Elmsntal tM^cttd dradt dlajrvmsfor ampi^fn wUh 

7^ Theory of low-noise fo^^back amplifiifs 

Ttm^ kxt several cetoponcnts of noiso b the ooc^t 
signal from ajoy aniplifier. In tho overaO-feedtack biodc 
dia^nnu of Pig. 13,^ noise &IIs bto thm main dtesoiies : 

M The Jfihereot itoi$o On the sifinsl. 

[h) The noiso ia the fbnvsni p&tli, partioiJarly the upuc 
(c) llictbcnnftinoistdueio ihefeedbid&rabiors. 

It is always pcjssible by proper design to reduct the noise 
contribution of tbe feedback resistors to at^ extent, loavinfi: 
only the imducibie source and Jnput-craa$tstor jsoise, but 
onleas such care J3 taken the noise &om the feedback resistors 
an Aisiiy be the dominadns oompoioent. 

The noise voltage refetred to the input oi a series-fcedbacK 
stage, fhie to 11:9 foedback resistor, is very nearly equal (0 the 
opeiircvcttit noise voltage of thai resistor, namely 



(73) 



ConnespondJnglv, th« nouo eutrtnc feferred Co the loput oF a 
sbtiflt-feedbsck sxaae. due to its feedba^ resistor, h approxz- 
miicety tbd shoct'-orcuit noise cunoit of the resiscOTr namely 



For singio-stags ftedbaek dicnfts, cho noise oo^iribution of 
tbe fcct&back xesistois inneases ad loop sain is incfeased. 

V» ttoUa vohaea at the hxpnt dua to an ovenll feedback 
loop ^rfaich siahilm either tiwsfbr condnctaooe or volt^ 
gain is the opfiKocmt noise voitage of the feedback rcsiatar 
Ri in F;9> 13(d) tad (H. CotrMapaDdingly» cito noise curKnt 
fiw an o vexaU tedbadc loop 

tninfl^ fearstanae Is the shor^drcnk noise cnrent of /i; in 
Figs. 13(c) and (d). Hub noise dcerasw as the o^rtrall tzaja«f^ 
condtetanoe or txansfbr miscflnoe Is inereasad, provided that 
^ loop Gain itmata lai^c. The sicaatton b rather mot^ 
oompioK in the ease of ovwaU Joops whldi acabiliBe vohage 
an4 cntrent gains. In additxao^ ttw local feedback reastota 
eontnbute to the noise. Xbe noise from the ovenO tedback 
tesistota is that in the bandwidth wfaich resnlt^ from dcwig 
the overaO loop. In contnat, the noise (irom t)ie local f 
reosfeors b &atin ttebaodwidtfaiR^iidiicai^f^^ 
the overall loop. 

The noise eoctiibucloa of the overall feedback r«sls^ 
be made neelicjb]& by snitaUy choosing their values and by 
enclosing a snffidtet nomber ^ stages bi the loop to 
that the loop ^in » laz^ The noise ootitribation for 
loops tSiSi jnade iteg^igible also, by making the open4oop 
bandwidth s nfficiantiy small and the overall (oop to 
ii3pcrea$e the bandwidth to its re^foiied vabc; T^te -'most 
&voarablo case is when the don^lnant potes of the fonvard 
path aro di» to the input stage, and th^ aie pit)dttccd by 
reducing tho local feedback ajoond this stage. For com-^ 
parison, Jf a ^Kade-ban4 oys^liier ainoply uses alternate 
and shunt-fieedbadlic stages to achieve its bandwjdch^ the 
loop gain around all sts^ must be relarively large and the 
noise from the feedback resistor around tlie &3t stage is likely 
to be significant- 

Anexai^plie of the use of ao overall feedback loop to reduce 
the noise is tjiie vldlcon amplifier deacdbed in Section 8.2. £a 
this example a wido-baii;d ttansto resfKaaee is fyntfaiuM by 
aaovoaliloop. 

S Two work«d deaign examples 

Two complete designs are given b this fhiaiSecdoQ, to 
iUnstratc the practical application of tha principles developed 
in tbe paper* Whh one exception, modoaieiy-fittt drift 
nransistorsp type OC!70, are used in bodi designs. 

M A»d&7Slflc/»»mpIlftarfor1Sa cables 

The required spedficatloQ is a 20dB amplifier to work 
between 750 tarminatioAS. Two type OC170 ciansistprs are 
to be used and the bandwidth is to ba as as possible 
consistent with S% ovanboot. powersupply is 12V. ' 



7SA 




rig. 14 

for ate i»figh 73 a 



ikTBlR 



(74) 



sacs 



Tbe pyopoiedetemenialciivuit diagram is shown in FIgi 14. 
The input tiansistar 4$ Operated at 5 mA emitter cunent to 
give Tr its mfatimum vaitie of Ins. The outpuc transistor 
FROCEEDJNGS VcL fW, Sc. 2. FIBRUART 196S 
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(H^vi^ioa, Tf nstt to about l-5os. 
Vk steps in ti» prooedure wiz as follows: 

Q Decide tm a 2^polc majduiany fiat tnuisfAT function 
I which his the poles at 45* in the Mc-balf plaae^ Tht 
ovcohoot will be 4-3 %. 

<ii) ?^ (ho shun^ stag^ so tfaat its potes &te «i 4S* and 
ttioe is one zero on the negative real axis. 
(iU) Feak the series sta^d to give one po]« on the ne^aiive 
real axis. 

(tv) The Atio JViie wiE be rashei more than 10 (siy 12) 
to 2DdB gain. C^o^ ihe absotuto v^ues of and ilf 
to give canflpHation of the ans pole and mo. 
(v) Design th^ input network to give a 7SQ icfiaative 
input impedance. 

The compleie cixouit dispam Is sho>^ in Fig. 15. Tt» hi^* 
fr^quBO^ peaking is denied tan the equations derived in 




BtftdWidth 25 Mi^ 
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' bo t«latMy iadBpeadcat of wttufirtor^panmocr variaoion. . 
There iscenauily no need to make C«.>4faslatlK buttheteis^ 
some Joatifieation for .providing ba a^putmeat to Ho 
adjnstmentt piovidod in tbc pcoioi^ 

A ?S Q tcatstiva Invua cenninacioa a adi^^ 
pad in oonjuaetiOD wiUi tbe iopgt impedaxioe 
The 270 fCSBtnaoe in the baae lead of gSvee a nombal 
value f about 75(1; the toutl input hnpedanoe can be tOftde 

perfectly resistive only if ft ^ ^0- 
T)ie low.ft«qnenpy oofnpeitfation Is follows: 

(fid CoUeetor feedbfidc biaflfais is used so that no emitcer 
by-pass capacitors ore re^mired. Capadtanoas of about lOQOO 
^ would be needed. The pdce paid is<a flight viziatioA of 
quiescent poJec with ^i^; the 200 and lOOkQ biaslo^resistaDCes 
nuy require adrustnxat in the initial settingnip of a unit» but 
sotKBequent vaiiatioivs of opetating point wiOi tenpentme or 
age should OOt be dgntficwTit 

ip) The blockiagca^dtanoa hi scries with ^jr of the sbunt- 
feedback stage is chosen to give apptoxiniate low-frequenq^ 
polo^ttro canoeHaCiOB* 

There is oegHsible tat on a 50c/9 square wave, and with 
careltil selection of the 250^ eapadtor, a lOc/S aqnaxe wave 
can be leprodooed yntix less than 5% tOt 

Equipreeat not available for measuring the hi^ 
freqnency porformance a / ci g a tely. The famst eqnipmeat 
availaUe bad a rise time of 14iis and ti^ rise time nieasmed 
with this equipment was Ifins with 3% overshoot Tlib 
componds to a bandwidth of 33 M^/s, but the possible arx^ 
islarse* [t >i^uld not be surprising if an aanrateoeaaurement 
sbovred the bandwidtii to be'SomcRvfjA^ 
27*1 Me/a, ad this' frequency is about iw^, the ^oency at 
whieb the diajcgo-^ontroUed tsransistot model becomes qtdte 
inaccurate. None the less to perfotmanec is qtdte impmsive 
when it is itmembered thai the type OC 170 b tbe transistor 
nonmOy specified fbr broadcast appUcations* 




V2aA 12 



CifCtt^t diagram for a fl^zQti Read-wnpfi/Ur 

__tJ63!Si 

J^KOC££DrNGS I£.E., K)A UQ, Na, 2, FEBRUARY 196$ 
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Fig. 26«]iow9 thftorcoitfoT thfi vidicoo lie«d-ftmpltfier 
wUh 3 Mo/< bandtfidtiu Tlve affipliflcr remain sections; 

loops xcMssD a wfdft-basd low^oois^ transftr psistantA ^f/tsbt 

statid ift Sesaiism 7^, there >NiU be ihm ompOMlta of i^yse 
at tbe iai^t tlie iabianat 

sp it temaiBs to aDSurft te)t tte fioise due to the l^b«cJc 
resisior* is aftS&Q'te la Gompfldsoa «^ 
transistor. Tbe nouc eutrnv (,7-, xelerreci to the base of ft 
iraiuutor is givea hy 
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Bvaloation of tbe inte^grol an4 differeaciatioa witb respect co 
/£ shows that imnhmim noise coitdnt i& mchdd when 



and ch* mltdmvua ointe b 



^t'W[..^(i)']}; 



(77) 



vbsstR C5 J» ih& dtr^ capaotaoce. The ver/ be&c tramlsiOfS 
fliilJitaduBvci^r m2x lO'^Aron^s. If the noise due to tbe 
overall fMback nsinorts to be fiegUgibla io oomparboa* it 
should aoteafoeedl X lO*^A.Eqfi*74tbendroceSRK9ettscba( 
the ovmU feedback tts&tOQrshOQl4b«aoi to chao tOQIcQ, 
the diom vflto of 246kQ cootnbiitss 0*6 x 10*-^ A. la 
addicioa, tht £xst tottistor has a local shnntlecdback 
resiscor of 22]Efi. Howiew, with the o^i^icraU feedbwtc looo 
open/tfa9 bandfPidm is caitf 300 kc/^ and the wise conoibo* 
timof thisnsistortstherefCroO'^ X IQ'^A-If theaizipfifler 
hftd been desi$acd as an altemaic casca4ft witboiu Qb^ ovecall 
feedbadc jiooj^tha feedback le&istor od thehlputstafle «o\^ 
be jibout 5IcU to achl«v6 ^Mc/d bandwidth and its noise 
coatribution voiild be 5 x lo^^^A. 

His fiist tbiw of thft atffiplifier, with local feedback 
r6^or& of 221cQ, 77fi and 4^7{aiv gi:vft opeoi^loop trattt- 
resistaocft of 2*^Mn, and tbe c}oscd4oop traofiicsiitaAce is 
227 with a 246kD, ovmU feedbacK resistor. Hg. 17 shows 
the high«Jhiq\icQO/ open^loop Stosularity pattern for the 
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tbe poaldng eapad ^ wa g^ 
tfio«hig for stray whin^ oapoeitttDGC;. Ibe nsmtn^.^ 
loop patiem was ealrnfancd aiqgojctoaiejy aoDUt the 1 
tofponae was deteiantod aooMficlr 

iitptU tnn»i5tor is operated at 15t>/xA 

aasiimptiOo thu e,£ ^ «i 40t»F vhcn the caJcoUicdl 
hi 3*0 X 10'-^A.71»mpiittniBistor.Qnpe2N393,liae 
iitost suitable snce it has a rather latye vafaio of * 
2H3d3 is n inlero-aUey fuifonn-base 9pe; a surfaced 

traiigfetflr wnnM liAv» »h«i» If If «k>i j 
acUave 2 X lO^^A ncnae. 
The btasiag system divides tbe aziqdider mto two 

each of ^eb ee&sfaRS of a 4c. ftedbadb pair. The inpuiL 
of each Uock is a shunt (si^&al) todbadc state ^ a I 
input inQ)eda!iee^ so that shttttiic^ of ibe s^gD^ 
lesistocs is Ic^ to a mnuQunn; expi^^ 
£^ 5 J$ kept as large as pfesalWc.*^ 

In ontlme, the lowx&eqncecy c<niijpwa*io tt is aa 1 

(fl) The outpot stage has « \<r9f^ttt^mc^ pole due \ 
470£e6dbackre$l!3tor8nd]tOP]ia^ etnitterbf^isss ca^ 
andaseoomd pDieatantudilower^cqfQeocydiieiothec^ 
dini^t Tbe e»ittfl^cinnut pok b (»od2^ 
first thite stages; this mo is doe to l^bc 246|fi o^mQ I 
back resistor and its 0^022>4^ aancs capadtor 

W Tbe pole doe to thflJ^Cooap^fiet^^ork between: 
etui Q*7kQ and 10^ is cancelkd by a »cxo fron 1 
local feedbadc loop aroiind T) {4'7kQ aod :$>cl^ 

(0} TheoveraUioopa£oundT|,T2andT}tbenforeh«tt 
mam poles, namely 24«k£l a&d 0^022fcF doe 10 the a«o.„ 
feedback QOffiponeats, and27Q and lOO^et tfaoetnittiBtc 
Tit A ZBPQ Is iisnoaQced by the local loop around Tj (221 



t^etosfor mistaqoc a 7S D load 

Hhedme 

OvsTshooi; 

^ioiseaiinpat 

Im OB 50c/9 SQttaie i^ve . 
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Fig, 17 
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Ob/ 'I6f IW^ 14: 14 8653793396 

,d,0 'jf7iiF) to itdtiOd the phase shffi near the fzcq^imcy of 

measwe^S &nd oicoiated pnfonfiaAecs arc omimrad 
xftble 2. TTie caleiiUTicMu i^qcc made Qsing 'average^ 
uBistor data; uualectcd productioo vanAtors iNOt used 
dK — otowe. 
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to Aeknowledgmentft 

The eotfansiasdc ntpome of 9¥er dnrty uodcrpadttaxe 
studfififa to a wide4»d-4LffipUte 6t$am pr^^ fie£ in 1961 
provided tbte auttmrs whh grtu iuu B uJw p daring tha iaidal 
pttparatton of the papa . The aiitfaois abo ontefhUr 
led^ tiw aasistacM of Mr. 1 A. Lewis k 
oftbemajoasczipt. 



It has becashovm that tbe use of alttmata series- and 
anfi-feedbadc stages icsulis in a m^io^ suu)lificatioA to 
^ of tranM^toc video aniplifiecs. The sbqpUficatioo arises 
fpnanly because die iaiaractign Mween stagts is.bodi 
otroUed aod nduoed. Ih addhlon to dsa simplificatioa, tbs 
airacy of die design is incnasad and tha i^alLable gahi- 
odwldtb product approacbes the ideal limit 
Hio tedmique is not nstrictad io ttaniistor ainpliflcn aod 
s been successfnlly ajJpUed to valve ao^lifiefs. Ic ie not as 
fsS «A improveoiBixt wlch valvts ax widi txansistoiv, 
cc 15 itiatively Uttte interaddon between valve stagee 
i since the tlieorttical sain^mdwidth^product limit can be 
d^Bved w[tfrflon^(tedbacic diauts. 
finally, it \s wonb pointing out dxat the tppmA to 
;)!ifisr design oattmed in die paper has been develop 
coalition of ideas of two authors^ one. of whom is 
vemed pnmarily ^oth undergtadaw teaching and tho 

witb practical circuit design. Hds son of co-operation 
t~serve the vecy useful pnrpode of doans the gap becwten 
.^Scademic end fflpirical approadws xa anyUfier theoar» 
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